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Summary 

We have generated mice homozygous for a disruption 
of the mdria (also called mdr3) gene, encoding a drug- 
transporting P-glycoprotein. The mice were viable and 
fertile and appeared phenotypically normal, but they 
displayed an increased sensitivity to the centrally neu- 
rotoxic pesticide i vennectin (1 00-fold) and to the carcl- 
nostatlc drug vinblastine (3-fold). By comparison of 
mdria (+/+) and (-/-) mice, we found that the mdria 
P-glycoproteIn is the major P-glycoprotein In the 
blood-brain barrier and that its absence results in ele- 
vated drug levels in many tissues (especially In brain) 
and in decreased drug elimination. Our findings ex- 
plain some of the side effects in patients treated with 
a combination of carclnostatics and P-glycoprotein in- 
hibitors and indicate that these inhibitors might be use- 
ful in selectively enhancing the access of a range of 
drugs to the brain. 

Introduction 

P-glycoproteins were initially identified through their ability 
to confer multidrug resistance (MDR) in mammalian tumor 
cells (Juliano and Ling, 1 976). These large (1 40-170 kDa) 
plasma membrane proteins consist of two similar halves, 
each containing six putative transmembrane domains and 
an intracellular ATP binding site (Gros et al., 1 986a; Chen 
et al., 1986). P-glycoproteins can confer multidrug resis- 
tance by actively extruding a wide range of structurally 
unrelated, amphiphilic hydrophobic drugs from the cell. 
Many of these drug substrates are toxic compounds of 
natural or semisynthetic origin (plants, fungi, bacteria), 
which are extensively used in the chemotherapy of cancer 
(e.g.. Vinca allcaloids. anthracyciines, epipodophyllotox- 
ins, actinomycin D. taxanes) or for a variety of other medi- 
cal purposes such as immunosuppression (cyclosporin A. 



FK506). For reviews see Endicott and Ling (1989) and 
Gottesman and Pastan (1993). 

Mammalian P-glycoproteins are encoded by small gene 
families, containing two members in humans (MDR1 and 
MDR3) and three members in mice (mdria, mdr1b, and 
mdr2). MDR1 . mdria, and mdrib cDNAs can confer multi- 
drug resistance, while the closely related MDR3 and mdr2 
cDNAs apparently cannot (Gros et al.. 1986b, 1988; Ueda 
et al.. 1987; Hsu et aL. 1989; Devault and Gros. 1990; van 
der Bliek et al.. 1988; Schinkel et al.. 1991 ; for alternative 
mdr nomenclatures, see Experimental Procedures). To 
learn more about the physiological role of P-glycoproteins, 
we have generated mice with a disruption of each of the 
P-glycoprotein genes. Using this approach, we have re- 
cently shown that the mouse mdr2 P-glycoprotein Is indis- 
pensable for the secretion of phospholipids into bile (Smit 
et al., 1993). The function of the drug-transporting (mdrl- 
type) P<|lycoproteins is less deiar at the moment. The 
human MDR1 P-glycoprotein is present at high levels in 
the brush border of renal proximal tubules, at the biliary 
surface of hepatocytes. and at the apical surface of muco- 
sal cells in small and large intestine (Thiebaut et al.. 1987). 
In addition, MDR1 is highly expressed in capillary endothe- 
lial cells of brain and testis (Cordon-Cardo et al., 1989; 
Thiebaut et al.. 1989). Based on this tissue distribution, 
it has been proposed that MDR1 P-giycoprotein plays a 
role in the protection of the organism against toxic xenobi- 
otics. by active excretion of these compounds into bile, 
urine, or intestinal lumen and by preventing accumulation 
in critical organs such as the brain. Human MDR1 is also 
very highly expressed in the adrenal cortex and in placen- 
tal trophoblasts. As the MDR1 P-glycoprotein is able to 
transport some natural steroid hormones, a physiological 
role of this protein in steroid secretion has been suggested 
(Sugawara et al., 1988; Ueda et al.. 1992). The finding 
that MDR1 P-glycoprotein is associated with a volume- 
regulated chloride channel activity has led to the idea that 
it has a role in regulating epithelial cell volume (Valverde 
et al., 1992; Trezise et al., 1992). 

In the mouse, these putative roles appear to be partially 
divided between the highly related mdria and mdrib 
genes. The mdrl a and mdrl b P-glycoproteins have largely 
overiapping. but not identical drug transport capacities 
(Devault and Gros. 1990; Gros et al.. 1991). Whereas 
mdria RNA is predominant in intestine, liver, brain, and 
testis, and mdrib RNA is predominant in adrenal, pla- 
centa, ovarium, and uterus, both mdria and mdrib RNA 
levels are substantial in the kidney. Heart, lung, thymus, 
and spleen also contain significant and similar levels of 
both mdria and mdrib mRNA. In all major tissues, at least 
some RNA of both mdria and mdrib was detectable by 
RNAase protection (Croop et aL. 1 989; Teeter et al.. 1 990; 
Arceci et al.. 1988; our unpublished data). 

Studies of P-glycoprotein (RNA) levels in clinical tumor 
samples indicate that this protein may be relevant for in- 
trinsic or acquired multidrug resistance in a range of tumor 
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Rgure 1 . Targeted Disruption of the mdrla Gene 

(A) Structure of part of the mdrla gene, the mdrla targeting construct, 
and the predicted structure of the targeted mdrla locus. Only relevant 
restriction sites are shown: N. Nhei; S. Sail; St, StuI; X, Xbal. Num- 
k>ered dosed boxes represent exons. The large arrows indicate the 
direction of transcription of the pgk-hygro cassette {hygro). Hatched 
boxes indicate the position of the respective 5' and 3' probes used, 
to detect homologous recombination. Two-headed arrows show the 
position and size of StuI restriction fragments diagnostic for proper 
targeting of the locus. Scale bar, 1 kb. 

(B) Southern blot of Stul-digested genomic DNA of ten mice from one 
litter resulting from a cross between two mdrla (+/-) mice. The blot 
was hybridized with the 5' StukXbai probe (see [A]). Fragment sizes 
and the mdrla genotypes as derived from the hybridization pattern 
are indicated. 



types (e.g., Goldstein et al.. 1989; Chan et a!., 1991), and 
this has led to a search for inhibitors. Many compounds 
with comparatively low cytotoxicity (such as verapamil, 
quinldine, cyclosporin A. and the nonimmunosuppressive 
cyclosporin D analogue PSC833) have been shown to in- 
hibit P-glycoprotein activity (Tsuruo et al., 1981 ; Slater et 
al., 1986; for overview see Ford and Hait. 1990). There is 
currently an intense interest in the potential use of these 
so-called reversal agents in patients to reduce the P-glyco- 
protein-mediated resistance of clinical tumors. Several 
phase 1 and phase II trials towards this goal are already 
in progress (for a recent overview, see Sikic, 1993). 

A major concern for this approach is the effect that effi- 
cient blocking of P-glycoprotein activity will have on the 
normal functioning of the organism. To obtain better in- 
sight into the pharmacological significance and into other 
possible biological roles of a drug-transporting P-glycopro- 
tein, we have generated mice with a homozygous disrup- 
tion of the mdrla P-glycoprotein gene. 



Generation and Analysis of mdrla-Deficlent Mice 

To disrupt the mdrla gene, a 1.6 kb Nhel genomic frag- 
ment containing exons 6 and 7 was replaced by a hygro- 
mycin phosphotransferase cassette in a targeting vector 
(see Figure 1 A). This deletion removes the part of the gene 
encoding the putative transmembrane domains 2, 3, and 
4, plus the first cytoplasmic and second extracellular loop 
of the protein. In addition, potential splicing over the se- 
lectable marker from exon 5 to exon 8 would result in a 
frameshift. The targeting construct was electroporated 
into El 4 embryonic stem (ES) cells. Analysis of 71 hygro- 
mycin-resistant ck)nes by Southern blotting indicated that 
7 clones had undergone correct homologous recombina- 
tion at both the 5' and the 3' junction and contained no 
additional integrations or recombinations of the targeting 
vector (data not shown). 

Chimeric mice were generated by injection of indepen- 
dently isolated ES clones (29 and 31 3) into d57BL/6 blas- 
tocysts according to standard procedures (Bradley, 1 987). 
Chimeric mice from each clone yielded germline transmis- 
sion of the disrupted mdrla allele. Heterozygotes (+/-) 
were viable and fertile and appeared to be normal. Sepa- 
rate interbreeding of heterozygotes derived from both 
clones readily yielded homozygous (-/-) mice. A repre- 
sentative Southern blot analysis of tail DNA from offspring 
of a cross between two (+/-) mice is shown in Figure 1 B. 
Pooled data for crosses between clone 29 or clone 313 
heterozygotes showed a distribution of 31 % (+/+), 45% 
(+/-), and 24% (-/-) mice in 231 offspring analyzed. This 
suggests that disruption of the mdrla gene does not affect 
viability of (+H or (-/-) mice at 4 weeks of age. Homozy- 
gous (-/-) mice, when interbred, are fertile and yield litters 
of comparable size as found in (+/+) interbreeding. The 
(+/-) or (-/-) mice could not be distinguished from the 
(+/+) mice by appeararice or mortality rate up to 1 4 months 
of age. Analysis of the physiology, anatomy, and histology 
of (-/-) mice at various ages did not reveal clear abnormal- 
ities. Special attention was given to small and large in- 
testine, where mdrla expression is high, and to liver. In 
contrast with mdr2 (-/-) mice (Smit et al., 1993), mdrla 
(-/-) mice did not display abnormalities in biliary phospho- 
lipid or cholesterol levels, nor In bile acid output (R. P. J. 
Oude Elferink and A. K. Groen, personal communication). 
Levels of a range of serum enzymes, proteins, electro- 
lytes, and other components as well as hematological pa- 
rameters did not differ between mdrla (+/+) and (-/-) mice 
(for details see Experimental Procedures). 

mdtia RNA and Protein in mdrla (-/-) Mice 
As the highest level of mdrla RNA is found in intestinal 
tissue (Croop et al., 1989; Teeter et al., 1990; data not 
shown), we tested the effect of the gene disruption by 
RNAase protection on total RNA isolated from the small 
intestine. The mdrla probe detects exons 17 and 18, ap- 
proximately 1.5 kb downstream of exon 7 in the mRNA. 
Figure 2A shows that mdrla RNA was considerably re- 
duced, but still detectable in (-/-) mice. The very low level 
of intestinal mdrib RNA was hardly affected by the disrup- 
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Figure 2. mdrla and mdrib RNA Levels in 
Small Intestine of mdrla (+/+), and 
(-/-) Mice 

. RNA levels were detemiined using RNAase 
protection on total RNA. 

(A) mdrla RNA levels. The positions of the 
mdf 7a-protected (178 nt) and G^pd/H)rDtected 
(1 50 nt) fragments are shown, the mdrla geno- 
type is indicated over each pair of lanes. For 
each genotype, one female (first lane) and one 
maJe(secondlane)wasanalyzed. Lanetmarks 
the transfer RNA control hybridization reaction . 
Ml , end4abeled Ddel digest of M13 DNA. M2, 
end-labeled Mspkdigest of pBR322 DNA. 
Some fragment sizes are indicated (see also 
Experimental Procedures). 

(B) mdrib RNA levels. The positions of the 
mrfr76-prDtected (255 nt) and G^pcffi^rotected 
(150 nt) fragments are shown. Specific activi- 
ties of probes, order of samples, and other con- 
ditions were as in (A), but the gel in (B) was 
exposed much longer. 



tion of the mdrla gene (Figure 2B). As the low level of 
residual mdrla RNA could originate in many different ways 
(readthrough of the pgk polyadenylation signal by tran- 
scripts initiated from the mdrla promoter or from the pgk 
promoter, or transcription from cryptic promoters within 
the mdrla gene downstream of exon 7; see also Smit et 
al., 1993), we tested whether this RNA could still encode 
detectable protein. For this purpose, we Isolated epithelial 
cells from the villus region of duodenum, jejunum, and 
ileum of a (+/+) and a {-/-) mouse and analyzed the pres- 
ence of P-glycoprotein on an immunoblot using the mono- 
clonal antibody (MAb) C21 9. This antibody recognizes two 
conserved epitopes located in the first and second nucleo- 
tide-binding domains of both mdrla and mdrib P-glyco- 
protein, each encoded far downstream of the region de- 
leted by the gene disruption (Georges et al.. 1990). Rgure 
3 shows that no full-length P-glycoprotein was detectable 
in cells of the (-/-) mouse, nor could we detect shorter 
products different from the low molecular weight back- 
ground bands equally visible in both (+/+) and (-/-) ex- 
tracts. It thus appears unlikely that the residual mdrla RNA 
gives rise to substantial amounts of protein. We therefore 
consider the mdrla gene disruption to be a null mutation. 
A dilution series (data not shown) indicated that less than 
2.6% of the wild-type mdrla P-glycoprotein level would 
have been detectable, so we can further derive from this 



experiment that the mdrib P-glycoprotein (to which C219 
binds equally well) was absent, or present at only very low 
levels, in intestinal epithelial cells oi mdrla (-/-) mice. 

Extreme Sensithrity of mdrla (-/-) Mice 
to Ivenmectin 

By pure serendipity, we discovered that mdrla (-/-) mice 
are extremely sensitive to ivermectin, an acaricide and 
anthelmintic drug. Shortly after we had obtained the first 
mdrla (-/-) mice, all our mice were sprayed with a dilute 
solution of ivermectin to treat a mite infestation. This is 
generally a very safe procedure, even though the mice 
ingest part of the applied ivermectin by grooming of their 
coats. At this occasion, however, a number of mice died 
with paralytic symptoms, and subsequent tail DNA analy- 
sis showed that only mdrla (-/-) mice had died, and no 
(+/+) or (+/-) mice. A systematic toxicity analysis demon- 
strated that mdrla {-/-) mice are 60- to 100-fold more 
sensitive to orally administered ivermectin than genetically 
matched mdrla (+/+) mice (Rgure 4). mdrla (-/-) mice 
derived from both clone 29 and 313 were hypersensitive, 
indicating that the observed effect was not due to a clonal 
idiosyncrasy. In spite of the vast difference in sensitivity, 
the highly characteristic symptoms of ivermectin toxicity 
in mdrla (+/+) and (-/-) mice were comparable: immobili- 
zation, inability to right themseh^es, recumbency, tremors. 
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Rgure 3. P-Glycoprotein Level in Intestinal Epithelial Cells of mdria 
(+/+) and (-/-) Mice 

Protein imtnunoblot analysis of lysates from epithelial cells of the villus 
region of duodenum (duo.), jejunum (|ej.). and ileum Gle.). using mono- 
clonal antibody C219. The mdria genotype and the protein marker 
sizes are Indicated. The amount and the intactness of total protein 
(10 ^lg) were identical In each pair of lanes as checked by staining 
with Ponceaus. The blot was deliberately overexposed to demonstrate 
the absence of P-glycoprolein In (-/-) lysates. 
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Figure 4. Ivermectin Toxicity in mdria (+/+) and (-/-) Mice 
Toxicity was determined by checking survival during a 14-day period 
after oral administration of ivermectin to small groups (1-6 animals) 
of mdria (-H mice (rectangles), or mdria (+/+) mice (triangles). The 
numbers of mice tested at each dose were as follows: (-/-) mice, 
starting at 0.1 mgrt^g: 2, 4, 4. 4. 4. 6. 4. 4. 2. 2. (+/+) mice, starting 
at 1 mg/kg: 2, 2, 4, 1 . 6, 4, 4, 3, 2. Extrapolation from the graph yields 
an estimated LD» of 0.7-0.8 mgflcg In (W-) mice, and 50-60 mg/kg 
in (+/+) mkje. (LDio of 0.4-0.6 mg/kg and 40-60 mg/kg, respectively). 



dramatically decreased breathing frequency, and finally 
onset of a comatose state that generally resulted in death. 

Mdria P-Glycoprotein Functions 
in the Blood-Brain Barrier 

The toxicity of ivermectin in mammals Is thought to result 
from its interaction with a neurotransmitter system oc- 
curring only in the central nervous system. As the penetra- 
tion of ivermectin into the brain of mammals is generally 
extremely low owing to the blood-brain barrier, ivermectin 
is very well tolerated by most mammals (for an overview, 
see Campbell. 1989). The blood-brain barrier is formed 
by the capillary endothelial cells of the brain, and P-glyco- 
protein is abundant in these cells in humans, rats, and 
hamsters (Cordon-Cardo et al., 1989; Thiebaut et al.. 
1989; Bradley et al.. 1990). This protein might therefore 
contribute to the barrier by actively extruding drugs, such 
as ivermectin, from brain endothelial cells into the blood. 
Indeed, cultured mouse brain endothelial cell lines have 
been shown to transport vinblastine from basal (brain) to 
apical (blood lumenal) side in vitro (Tatsuta et al.. 1992). If 
the mdria P-glycoprotein would be localized in the blood- 
brain barrier and capable of transporting ivermectin, this 
could explain the increased toxicity in mdr7a (-/-) mice. 
We therefore performed immunohistochemistry on brains 
of mdria (+/+) and (-/-) mice, using MAb C219. Figure 
5 shows clear staining of capillaries in mdria (+/+) brain, 
and hardly any staining in mdria (-/-) brain. This indicates 
that the mdrl a P-glycoprotein is the predominant P-glyco- 
protein form present at the blood-brain barrier in wild-type 
mice and that little, if any, P-glycoprotein is present there 
in mdria (-/-) mice. 

To test whether mdria P-glycoprotein can indeed ex- 
clude ivermectin from the brain, pHJivermectin was admin- 
istered orally to mdria (+/+) and (-/-) mice at a subtoxic 



dosage of 0.2 mg/kg, and tissue and plasma levels of radio- 
activity were detemiined 4 hr (data not shown) and 24 hr 
after dosing. Table 1 indicates that, after 24 hr. the level 
in the brain was indeed about 90-fold higher in (-/-) mice, 
whereas the levels in most tissues were only 3- to 4-fold 
higher than in (+/+) mice, roughly correlating with the 
3-fold difference in plasma ivermectin level. The 3- to 4-fold 
overall increase could be due to increased net uptake of 
ivermectin from the gastrointestinal tract, to decreased 
elimination, or to both. Similar differences were found al- 
ready 4 hr after dosing (data not shown). The 90-fold differ- 
ence in brain concentration corresponds well with the 50- 
to 100-fold increased sensitivity of mdria (-/-) mice to 
ivermectin. The data indicate that mdria P-glycoprotein 
has a marked effect on the overall levels of ivenmectin in 
the organism and a dramatic effect on concentration in 
the brain. 

i\/ldr1a P-Glycoprotein Affects Vinblastine 
Distribution, Pharmacokinetics, and Toxicity 
To study the role of mdria P-glycoprotein in the tissue 
distribution and excretion of a known substrate anticancer 

drug, we analyzed the levels of vinblastine in a range of 
tissues and compartments 4 hr after intravenous adminis- 
tration at a dosage of 1 mg/kg (Table 2) or 6 mg/kg (Table 
3 and data not shown) in male (+/+) and (-/-) mice. Vin- 
blastine was measured in tissue homogenates. using a 
sensitive and selective high-pressure liquid chromatogra- 
phy (HPLC) assay. Previous studies in mice indicate that 
at 4 hr, plasma vinblastine has reached equilibrium with 
most tissues, and further pharmacokinetics is dominated 
by elimination (van Tellingen et al., 1993a and 1993b). 
Table 2 demonstrates that, at a moderate dose, the ab- 
sence of mdria P-glycoprotein had a clear effect on the 
vinblastine concentrations in heart, muscle, and brain. 



Rgure 5. Presence of Mdria P^lycoproteln in Capillary Blood Vessels of the Brain 

2:TbC?^b;.'S rm '^^"^"^ ^•^^"'"^ ^' ^"^^-^ were'obse,ved lurCm^T^^^^^^^^^ 



Which were, respectively, about 3-, 7-, and 20-fold higher 
in mdria (-/-) mice, whereas the level in plasma was 
about 2-fold higher. Vinblastine concentrations in colon, 
small lntestine, liver, kidney, lung, and testis were between 



2- and 3-fold higher, and levels in other tissues ranged 
between 1- and 2-fold the levels in mdria (+/+) mice. 

At 6 mg/kg, less pronounced differences were found 
between (+/+) and (-/-) mice, probably owing to satura- 
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Table 1. Tissue Concentrations of Ivermectin in mdria (+/+) and 
(-/-) Mice 24 hr after Oral Injection of a Dose of 0.2 mg/kg 



Tissue mdria (+/-♦') mdria (-/-) Ratio (-/-):(+/+) 



Brain 


1.5 


± 


1.2 


131 




16 


87 


Muscle 


9.6 


± 


3.3 


48 


± 


3 . 


5.0 


Heart 


25 


± 


10 


100 


± 


23. 


4.0 


Kidney 


47 


± 


14 


141 


± 


27 


3.0 


Uver 


130 


± 


45 


497 


± 


74 


3.8 


Gall bladder 


147 


± 


17 


1376 


± 


804 


9.4 


Lung 


23 


± 


6 


91 


± 


24 


4.0 


Stomach 


63 


± 


60 


107 


± 


46 


1.7 


Small intestine 


31 




13 


121 


± 


30 


3.9 


Colon 


31 


± 


12 


108 


± 


30 


3.5 


Fat (neck) 


188 


± 


62 


486 


± 


78 


2.6 


Fat (organ) 


126 


± 


77 


152 


± 


41 


1.2 


Testis 


9.4 


± 


4.2 


70 


* 


7 


7.4 


Epklidymis 


59 


± 


20 


164 


± 


7 


2.8 


Spleen 


13 


± 


4 


48 


± 


10 


3.7 


Thymus 


43 


± 


13 


121 


± 


49 


2.8 


Plasma 


16 


± 


6 


52 


± 


8 


3.3 



Results are expressed as means ± SD (n - 1) in nanograms per gram 
of tissue. Three mice were analyzed in each group. All mice were 
male, between 10 and 14 weeks of age. and derived from ES cell 
ctone 29. 



tion of P-glycoprotein activity in many tissues (data not 
shown for all tissues). The level of vinblastine in plasma 
was the same in (+/+) and (-/-) mice, and the relative 
concentration ratios had dropped below 2 for most tissues. 
IHowever, the vinblastine concentration In brain was still 
a striking 12-fold higher in mdria (-/-) mice (Table 3). 
Besides brain, only small intestine had a clearly higher 
(3-fold) vinblastine concentration in mdria (-/-) mice at 
this dosage (data not shown). 

To assess the role of mdria P-glycoprotein in the elimi- 
nation of vinblastine in the course of time, we also deter- 
mined vinblastine concentrations in plasma, brain, heart, 
kidney, and liver at 4 hr. 8 hr, 24 hr, and 48 hr after intrave- 
nous injection of a 6 mg/kg dose in (+/+) and (-/-) mice. 
Table 3 shows that vinblastine was much more rapidly 
eliminated in (+/+) than in (-/-) mice, whereas the concen- 
trations in all compartments (except brain) had been com- 
parable at 4 hr. The most striking effect was observed in 
heart, which had a 7- to 14-fold higher concentration of 



Table 2. Tissue Concentrations of Vinblastine in mdria (-!-/+) and 
(-/-) Mice 4 hr after Intravenous Injection of a Dose of 1 mgifkg 



Tissue mdria (+/+) mdria Ratio (-/-):(+/+) 



Brain 


5 


± 


7 


112 


± 


18 


22.4 


Muscle 


22 


± 


9 


148 


± 


14 


6.7 


Heart 


64 




15 


219 


± 


39 


3.4 


Kidney 


399 


± 


120 


932 


± 


75 


2.3 


Liver 


115 


± 


61 


281 


± 


75 


2.4 


Gall bladder 


342 


± 


143 


466 


± 


69 


1.4 


Lung 


517 


± 


47 


1058 


± 


191 


2.1 


Stomach 


320 


± 


96 


563 


± 


81 


1.8 


Small Intestine 


197 


± 


25 


577 


± 


102 


2.9 


Coecum 


467 


± 


30 


470 


± 


94 


1.0 


Coton 


214 




43 


444 


± 


51 


2.1 


Fat (neck) 


213 


± 


53 


321 


± 


35 


1.5 


Fat (organ) 


88 


± 


17 


73 


± 


1 


0.8 


Testis 


26 


± 


5 


64 


± 


3 


2.5 


Epidktymis 


233 


± 


31 


238 


± 


23 


1.0 


Spleen 


876 


± 


111 


1442 




89 


1.7 


Thymus 


316 


± 


16 


426 


± 


26 


1.4 


Lymph nodes 


394 


± 


68 


496 




96 


1.3 


Plasma 


3 


± 


1 


6 


± 


1 


2.0 



Results are expressed as means ± SD (n - 1 ) in nanograms per gram 
of tissue. Three mice were analyzed in each group. All mice were 
male, between 10 and 14 weeks of age, and derived from ES cell 
clone 29. 



vinblastine in mdria (-/-) mice between 8 hr and 24 hr 
after injection. The existing concentration difference in 
brain at 4 hr was further increased by the very skiw elimina- 
tion in (-/-) mice. 

Together, these data indicate that the absence of mdrl a 
P-glycoprotein had a profound effect on the pharmacoki- 
netics and tissue distribution of vinblastine, and by far the 
most striking effect was observed in brain. To examine 
the consequences of this marked difference in vinblastine 
handling, we carried out a limited vinblastine toxicity test 
in male mdria (+/+) and (-/-) mice (Table 4). The data 
indicate a 3- to 3.5-fold increase in sensitivity to intrave- 
nously administered vinblastine in mdria (-/-) mice. This 
increased sensitivity must be due to the increased access 
of vinblastine to tissues critical for vinblastine toxicity (pos- 
sibly intestine) or to decreased elimination from these tis- 
sues. As the toxicity difference is lower than the brain 



Table 3. Vinblastine Concentrations in Tissues and Plasma of mdria (+/+) and (-/-) Mice at Several Timepolnts after Intravenous Injection 
of a Dose of 6 mg/kg 



Tissue 


Genotype 


4 hr 


8hr 


24 hr 


48 hr 


Brain 


(+/+) 


54 ± 9 


47 ± 8 


32 ± 4 


9 ± 6 




(-/-) 


663 ± 34 


515 ± 66 


734 ± 68 


448 ± 14 


Heart 


{+/+) 


1135 ± 342 


76 ± 17 


22 ± 9 


0 ± 0 




(-/-) 


1388 ± 80 


540 ± 75 


303 ± 48 


25 ± 11 


Kidney 


(+/+) 


6319 ± 1022 


1605 ± 665 


132 ± 31 


22 ± 6 




(-/-) 


5477 ± 516 


3344 ± 890 


1372 ± 711 


60 ± 30 


Uver 


(+/+) 


1588 ± 572 


227 ± 162 


34 ± 16 


13 ± 13 




(-/-) 


1966 ± 724 


648 ± 140 


192 ± 51 


14 ± 11 


Plasma 


(+/+) 


48 ± 10 


10 ± 3 


2 ± 1 


0 ± 0 




(-/-) 


43 ± 7 


20 ± 2 


10 ± 2 


0 ± 0 



Results are expressed as means ± SD (n - 1) in nanograms per gram of tissue. Three mice were analyzed from each group at each timepoint 
All mice were male, between 10 and 14 weeks of age, and derived from ES cell done 29. 




Table 4. Vinblastine Toxicity in Male mdr ia (+/+) and (-/-) Mice 
mdrla (+/+) m</r7a (-/-) 



Survival Dose Survival 



8.8 


100% 


2 


100% 


13.2 


100% 


4 


100% 


17.6 


83% 


6 


33% 


22.0 


67% 


8 


33% 


28.6 


17% 


10 


0% 


35.2 


0% 





The survival percentage at each vinblastine dose (in milligrams 
per kilogram, intravenous) is listed. For each dose, six animals were 
tested (five animals at 4 mgflcg). All mice were derived from ES celt 
done 29. 



concentration difference, brain toxicity is probably not a 
limiting factor for vinblastine, as it is for ivermectin. The 
macroscopic signs of toxicity in (+/+) and (-/-) mice were 
comparable: lethargy, Immobilization, and refusal of food 
and water uptake. 

Increased Expression off mdtlb In Kidney and Liver 
off mdrla (-/-) IMice 

Although the increased sensitivity to vinblastine and the 
increased penetration and decreased clearance of vin- 
blastine In mdr7a (-/-) mice were clear, most vinblastine 
had still disappeared within 48 hr (see Table 3; data not 
shown). This probably is mainly achieved by metabolic 
modification and conjugation, followed by excretion (along 



other pathways than P-glycoprotein-mediated export) into 
bile, urine, and intestinal lumen (van Tellingen et a!.. 
1993b). However, the mdrib P-glycoprotein is also, able 
to transport vinblastine (Gros et al., 1991). so this protein 
will probably contribute to the tissue distribution and excre- 
tion of this drug. We therefore checked by RNAase protec- 
tion whether mdrib RNA was affected by the disruption 
of the mdrla gene in a range of tissues (see Experimental 
Procedures for tissues tested). Most tissues. Including a 
number of tissues with significant mdrla expression in 
wild-type mice (such as intestine and brain), did not have 
significantly altered levels of mdrib expression in mdrla 
(-/-) mice (Figure 2 and data not shown). However, in 
male mdria (-/-) or (-»■/-) mice, the expression of mdrib 
in kidney was consistently and considerably increased rel- 
ative to male (+/+) mice (Figure 6A). Note that wild-type 
females had a much higher mdrib expression in kidney 
than wild-type males and that this also appeared to in- 
crease in (+/-) and (-/-) individuals. Protein immunobiot 
analysis confimied these findings at the protein level (data 
not shown). A similar up-regulation of mdrib expression 
was observed in the livers of male and female (+/-) and 
{-/-) mice (Figure 6B). 

Since kidney and liver of mdrla (+/-) mice show an 
intermediate increase in mdrib expression, the observed 
overexpression either may be a compensatory response 
of the organ to the decrease of functional mdrla or may 
be due to the genomic alteration in the mdr7a gene (inser- 
tion of thepg/f-./7ygro cassette) directly affecting regulatory 



o Figure 6. Levels of mdr7/t) RNA in Kidney and 

+/. +/++/../. Liver of mdrta (+/+).(+/-). and (-/-) Mice 

~ — RNA levels were determined by RNAase pro- 

f f f mmm f f f mmm f f , „„„ f m f m f m tection on total RNA from mdr/a (+/+). (+/-), 

and (-/-) mice. 



mdrib . 




(A) mdrib RNA levels in kidney. For each geno- 
type, RNAs from three females (0 and three 
males (m) were tested. The positions of the 
mdrrb-protected {255 nt) and GcvxHTi-protected 
(150 nt) fragments are indicated. The mdrla 
genotypes are given over each set of lanes. 

(B) mdrib RNA levels in liver. Conditions and 
designations are as in (A). 



- mdrib 
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elements of the mdrib gene immediately downstream 
(Raymond et al.» 1990). In view of the tissue specificity of 
the up-regulation in two pivotal excretory organs of the 
body, we favor the former possiblfity. This substantial in- 
crease in expression will probably compensate to some 
extent for the absence of functional nidrl a P-glycoprotein 
and. therefore, will limit the overall effects of the mdrla 
knockout in drug handling and possibly in other processes. 

Discussion 

Our data show that the mouse mdrl a P-glycoprotein plays 
a major role in the defense of the organism against several 
xenotoxins of natural origin. This protective function will 
most likely extend to a whole range of plant, fungal, and 
bacterial toxins and carcinogens. In a natural situation, 
animals are confronted with a host of potentially harmful 
compounds in their diet, and they are therefore equipped 
with a battery of defensive mechanisms to avoid, exclude, 
remove, modify, or break down these products (Ames et 
al., 1990). The mdrla P-glycoprotein appears to be an 
important element of this defense: removal of this single 
protein results in a 3- and 100-fold increased sensitivity 
to the two drugs tested, respectively. 

The mdrla P-glycoprotein appears to protect at at least 
two levels: first, it limits the amount of drug accumulating 
in certain tissues (brain, muscle, heart; Tables 1 and 2), 
and it speeds up the removal of drug from a tissue once 
plasma drug levels decrease (heart, kidney, liver; Table 
3). Second, it enhances the rate at which drug is removed 
from plasma (Table 3), probably by stimulating excretion 
into bile and urine. The mdrla expressed in intestine may 
also affect the net rate at which drug (ivermectin) is ab- 
sorbed from the gastro-intestinal tract: the plasma iver- 
mectin level was 3-fold lower in (+/+) than in (-/-) mice 
4 hr after oral administration (data not shown; Table 1). 
However, this difference could also be caused by a higher 
elimination rate in (+/+ ) mice during this period, as is dem- 
onstrated by the plasma vinblastine levels 4 hr after intra- 
venous administration of a 1 mg/kg dose (Table 2). 

Increased plasma and tissue levels of vincristine smd 
increased toxicity have been reported in mice receiving 
verapamil as a reversal agent (Norton et al., 1989). Our 
findings suggest that these effects were caused, at least 
in part, by blocking of mdrl -type P-glycoprotein activity, 
instead of other pharmacokinetic and pharmacodynamic 
interactions. In the mdrla (-/-) mice, the endogenous 
mdrib expression in many organs, combined with the In- 
creased mdrib expression In kidney and liver, will limit the 
consequences of the mdrla inactivation to a considerable 
extent: mdrib P-glycoprotein transports vinblastine with 
about half the efficiency of mdrla P-glycoprotein (Gros et 
al., 1991). We therefore expect that complete blocking of 
all mdr1-type P-glycoprotein activity will have even more 
severe consequences for the tissue distribution and phar- 
macokinetics of substrate drugs and, hence, for toxicity. 

Implications for Efforts to Reverse Clinical MDR 

Our findings have implications for the treatment of human 
cancer patients with cytostatic agents in combination with 



the more effective reversal agents currently developed or 
under study. Complete blocking of the single drug- 
transporting MDR1 P-glycoprotein in humans may result 
in drastic alterations of the pharmacokinetic parameters 
and tissue distribution of substrate drugs. Indeed, In clini- 
cal studies, increased plasma half-lives and toxicity effects 
have been observed for etoposide. daunorubicin, and dox- 
orubicin when they were combined with the (partially) re- 
versing agents verapamil or cyclosporin (for overview see 
Sikic. 1993). Major complications could arise when a cer- 
tain drug is accumulated to a higher extent, or retained 
for a longer time, in a tissue that determines the critical 
toxicity of this drug. A case in point is the P-gtycoprotein 
substrate doxorubicin, for which cardiotoxicity is dose lim- 
iting in humans. If doxorubicin would behave analogously 
to vinblastine, we would predict a strong increase in toxic- 
ity in human patients, owing to its increased accumulation 
and retention in heart (Tables 2 and 3). It is further obvious 
that the combined use of effective reversal agents and 
carcinostatic substrate drugs with significant central neu- 
rotoxicity should be avoided. The mdrla (-/-) mice will 
be useful in identifying such neurotoxic drugs. 

Unexpected hypersensitivity to other drugs, especially 
those with central nervous action, should also be antici- 
pated. As illustrated by the ivermectin case, exposure to 
normally hannless compounds can result in disaster. 
Commonly used drugs such as morphine and digoxin are 
MDR1 P-glycoprotein substrates (Callaghan and Riordan, 
1993; Tanigawara.et al., 1992), but also the toxicity of 
the many other compounds known (or not yet known) to 
interact with P-glycoprotein could be affected (Ford and 
Hait, 1990; Gottesman and Pastan, 1993). We are cur- 
rently investigating the effects of a range of cytostatic and 
noncytostatic drugs in the mdrla (-/-) mice. The mdrla 
knockout mouse model can also be used to test the in 
vivo efficiency of potential reversal agents, by comparing 
distribution and elimination of substrate drugs in normal 
mice treated with reversal agents and \n mdrla (-/~) mice 
receiving only the substrate drug. 

Function of Mdrla P-Glycoprotein 
In the Blood-Brain Barrier 

The most pronounced pharmacological effect of mdrla 
P-glycoprotein inactivation was seen in the brain, Indicat- 
ing that this protein plays an important role in the blood-^ 
brain barrier. Normally, the blood-brain barrier makes the 
brain a pharmacological sanctuary, rendering it barely ac- 
cessible to a range of potentially useful drugs (Goldstein 
and Betz, 1986). Anatomically, the blood-brain barrier is 
located at the endothelial cells of the blood capillaries of 
the brain. Unlike endothelial cells elsewhere in the body, 
brain endothelial cells completely cover the walls of the 
capillaries, and they are linked to each other by tight junc- 
tions. Wide pores or fenestrations are absent in these 
cells. As a consequence, this cell layer acts as a continu- 
ous, lipophilic physical barrier, blocking the passhre pas- 
sage of hydrophilic solutes in either direction. The high 
metabolic needs of brain tissue are met by specific trans- 
port systems for glucose, amino acids, etc. across the 
endothelial cells. Relatively hydrophobic compounds such 



as ethanol, caffeine, and nicotine can readily pass the 
blood-brain barrier, by passive diffusion through the mem- 
branes of the endothelial cells. In fact, most compounds 
obey the theoretically predicted linear relationship be- 
tween brain endothelial permeability and the octanol/wa- 
ter partition coefficient ( x MVT'^), a measure of hydropho- 
blcity (Bradbury. 1985). Interestingly, however, there are 
some striking exceptions to this rule, and these Include the 
known P-glycoprotein substrates vincristine, doxorubicin, 
teniposlde (VM-26), and cyclosporin A. each exhibiting a 
much lower endothelial permeability in rat brain than pre- 
dicted (Levin. 1980; Cefalu and Pardridge. 1985; Saeki 
et al.. 1993). Another notable exception is the dopamine 
antagonist domperidone (Laduron and Leysen. 1979). In 
view of the pronounced effect of the mdria inactivation on 
ivemnectln and vinblastine accumulation in brain, it seems 
reasonable to attribute these discrepancies largely to 
P-glycoprotein action, as was previously suggested based 
on tissue distribution and functional studies (Cordon- 
Cardo et al.. 1989; Thiebaut et al.. 1989; Tatsuta et aL, 
1992). In theory, this opens the possibility to increase the 
brain penetration of a range of cytostatic P-glycoprotein 
substrate drugs by coadministration with effective reversal 
agents, possibly allowing better treatment of brain tumors 
(Greig et al.. 1990). It may also be useful to increase the 
brain penetration of other noncytostatic drugs (such as 
antibiotics, antidepressants, or antipsychotics) that are 
P-glycoprotein substrates. Alternatively, it may even be 
possible to incorporate features of P-glycoprotein sub- 
strates into drugs to minimize their access to the brain or 
to promote brain entry by avoiding these features. The 
mdria (-/-) mice can be used as a model system to test 
the feasibility and consequences of such approaches. 

Significance of P-Glycoprotein 
for the Use of Ivermectin 

Before the mdria (-/-) mice died of ivermectin poisoning, 
we were not aware that this drug is a P-glycoprotein sub- 
strate. As ivermectin pharmacology is profoundly affected 
in mdria (-/-) mice, this drug appears to be a good sul>- 
strate. Ivermectin is a slightly modified form of abamectin, 
a compound produced by the ground-dwelling bacterium 
Streptomyces avermitilis. Both compounds are widely 
used in tropical medicine, veterinary industry, and agricul- 
ture, owing to their efficiency as anthelmintic, acaricidal, 
and insecticidal agents, combined with a very high safety 
margin for toxicity in vertebrates (Campbell. 1989). Our 
data indicate that P-glycoprotein is a major detemiinant 
of this safety margin. Ivermectin is the drug of choice to 
treat river blindness (onchocerciasis), a blinding and debil- 
itating disease caused by a parasitic nematode worm, 
which affects 18 million people in West Africa and Middle 
America (Taylor et al.. 1990). Onchocerciasis patients are 
routinely treated with oral doses of 0, 1 5 mg/kg of ivermec- 
tin. This is about two orders of magnitude below the lethal 
doses in a range of normal mammals, including mice. rats, 
dogs, rhesus monkeys, and probably also humans (Fisher 
and Mrozik, 1 992). Yet, it is dangerously close to the lethal 
dose in mdria (-/-) mice (0.6 mg/kg; see Figure 4). 
Extreme ivemiectln sensitivity has been reported in 



some inbred dogs of the collie breed. The lethal oral dose 
was approximately 0.4 mg/kg, as opposed to approxi- 
mately 80 mg/kg in normal dogs. Hypersensitivity was as- 
sociated with highly increased ivemiectin accumulation in 
the brain (Pulliam et al.. 1985). Based on this strong anal- 
ogy with the mdria (-/-) mice, we expect these dogs to 
have a similar genetic deficiency in an mdrl-type P-gly. 
coprotein. It is interesting to note that more than 1 0 million 
people have been treated with ivermectin (0.15 mg/kg) 
without indications for a similar hypersensitivity. This may 
indicate that a genetic deficiency in the single MDR1. P-gly- 
coprotein gene of humans is not compatible with life, but 
it is also possible that the symptoms of hypersensitivity 
have been misinterpreted. 

Does Mdria P-Glycoprotein Have Other Functions? 
Apart from the protective role of mdrl a P-glycoprotein, we 
have found no indications for additional functions of this 
protein. This may mean that there is no other function, 
that such a function does not become apparent under labo^ 
ratory conditions, or that such a function is taken over by 
another protein. An obvious candidate is the highly related 
mdrl b P-glycoprotein, which is expressed in many tissues 
and even overexpressed in kidney and liver of mdria (-/-) 
mice. The only way to definitively answer this question is 
to generate mice with a disruption of both the mdria and 
mdrib genes. In view of the very dose linkage of these 
two genes (Raymond et al., 1990), this cannot be done 
by crossing mice deficient in either gene. Therefore, we 
are currently trying to generate these mice by disrupting 
both the mdria and mdrib genes on the same chromo- 
some in ES cells. 

Experimental Procedures 
P-Glycoprotein Nomenclature 

The mouse mdria gene is also called mdr3 (Hsu et al., 1989; Devault 
and Gros. 1990). The mouse mdrib gene is also called mdrl (Gros 
et al.. 1988: Hsu et al., 1989). The human MDR3 gene is also called 
MDR2 (van der Bliek et al.. 1988; Roninson et al., 1986). 

Construction of the Targeting Vector 

Molecular-biological techniques were carried out according to stan- 
dard procedures (Sambrook et al.. 1989). mdria genomic sequences 
were isolated from an EMBL-3 X phage library constaicted with DNA 
from a mouse strain 129^rived CCE ES cell line, mdna sequences 
were identified by restriction mapping and partial sequencing of exons. 
This showed that the exon composition of mdria in the 5' genomic 
region is collinear with that of mdrib (data not shown; Raymond and 
Gros, 1989). The backbone for the targeting construct was a 12.5 kb 
genomic mdria fragment stretching from a genomic Xbal site approxi- 
mately 1 kb upstream of exon 5 to a Sail site in the EMBL-3 polyllnker 
attached to a genomic Mbol site just downstream of exon 8 (see also 
Figure 1 A). This fragment was cloned in pGEI*SZf(-) (Promega). The 
1 .6 kb Nhel fragment containing exons 6 and 7 was removed by partial 
digestion with Nhel and replaced by a 2 kb Xbal fragment containing 
a pgk-hygro cassette: the bacterial hygro gene under the control of 
a mouse pglr promoter and polyadenylatbn signal (Kaster et al.. 1 983; 
van <ter Uigt et al., 1991; see also Smit et al., 1993). The targeting 
oonstnjct was released from the vector by digestion with Xbal and 
Sail. yieMing a 5' end with complete homology to the mdria gene and 
a 3' end containing a short section of the EMBW polylinker. 

Electroporation and DNA Analysis of ES Cells (and Mice) 
Electroporation and selection of 129/Ola-derived E14 ES cells were as 
described (Smit et al., 1993). except that hygromydn B (Calbiochem) 
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selection (at 150 jig/ml) was used. Homologous recombination in ES 
clones was checked by DNA blotting: after digestion of genomic DNA 
with StuI, size separation in a 0.8% {wN) agarose gel, and transfer 
to nitrocellulose filter, the 5' junction was checked by hybridization 
with aO.5 kb Stul-Xbal probe positioned immediately 5' of the targeting 
construct, and the 3' junction was checked with a 0.6 kb Bglll-StuI 
fragment positioned Immediately 3' of the targeting construct (see Fig- 
ure 1A). Absence of additional random integrations of the targeting 
construct was checked by hybridization with a hygro probe, Tail DNA 
blot analysis of mdlrta (-/-) mice with a probe covering exons 6 and 
7 confirmed that the genomic regton containing exons 6 and 7 of mdrla 
was completely absent from genomic DNA. 

RNA Analysis 

Isolatton of total RNA from mouse tissues and RNAase protection 
assays were as described (Smit et al.. 1993). RNAase protectton 
constructs, transcription, and length of protected fragments were as 
follows. 
mdrla 

An Apal-Styl (blunted) mdrla cDNA fragment (position 1615-2274 
relative to the translation start) was cloned in an Apal-Clal (blunted) 
pGEM-7 vector. After linearization with EcoRl (position 2096), tran- 
scription with SP6 RNA polymerase generated a 234 nt probe, yielding 
a protected mdrla fragment of approximately 178 nt, overlapping ex- 
ons 17 and 18. 
mdrib 

A BamHI-BstYl mdrib cDNA fragment (position 2091-2339 relative 
to the translation start) was cloned into BamHI-digested pGEM-11. 
After linearization with BamHI (position 2091), a 291 nt probe was 
generated by transcription with SP6 RNA polymerase, yielding a pro- 
tected mdrib fragment of approximately 255 nt. overlapping exons 
17, 18, and 19. 
gapdfi 

A 149 nt BstEII (blunted)-Hindlll gapdh cDNA fragment (position 92- 
240 in the cDNA sequence, accesston code M32599) was subctoned 
In Hincll-Hind.lll digested pQEM-3. After linearization with Xbal, tran- 
scriptton with SP6 RNA polymerase generated a 163 nt probe, yiekling 
a 150 nt g£v>c0?-protected fragment. 

Size markers were an end-labeled Ddel digest of Ml 3 DNA, yielding 
fragments (>100 nt) of 998, 865, 652. 600, 575, 563, 399, 381, 367, 
303, 294, 272, 160, 153, 128. and 109 nt; and an end-labeled Mspl 
digest of pBR322 DNA. yielding fragments (>100 nt) of 622. 527. 404. 
309. 242. 238. 217. 201. 190. 180. 160. 147. 122, and 110 nt. The 
tolk>wing tissues of male and female mdrla (+/+), (+/-), and (-/-) 
mice were tested for both mdrla and mdrib expression: brain, heart, 
lung, muscle, liver, kidney, adrenal, stomach, duodenum, jejunum, 
ileum, ooecum, colon, spleen, thymus, testis, ovarium, and uterus. 

Maintenance and Analysis of Mice 

Animals were kept as described (Smit et al., 1993). All experiments 
with mdrla (-/-), (+/-), and (+/+) mice were carried out in a mixed, 
genetic background (effectively F2 and F3 generations of a cross be- 
tween 1 29/Ola and FV6 mice). Most experiments were done with mice 
derived from clone 29, but phenotypic abnormalities, such as ivermec- 
tin hypersensitivity, were also checked in mice derived from clone 313. 
Serum or blood samples from mice were taken by orbital bleeding or 
heart punction. Serum levels of bilirubin, alkaline phosphatase, aspar- 
tate aminotransferase, alanine aminotransferase, lactate dehydroge- 
nase, 5'-nucleotidase, creatinine, urea, Na^, K^, Ca^, inorganic phos- 
phate, Cr. total protein, and albumin were determined on a Hitachi 
91 1 analyzer according to the instructions of the manufacturer. Hemo- 
globin level, the hematocrit, and erythrocyte, leucocyte, and thrombo- 
cyte counts were determined on a Coulter model T660 cell counter. 
Collection and analysis of bile, and mouse tail DNA isolation were 
performed as previously described (Smit et al., 1993). 

Immunohlstologlcal, Histological, and Anatomical Analyses 
Mice were examined macroscopically before and during dissection. 
Light microscopy of tissues was as described (Smit et al.. 1 993). Intesti- 
nal samples were subjected to morphometric analysis of the Intestinal 
wall. For immunohistochemistry, frozen brains were sectioned at 5 
urn thickness, air dried, and fixed in acetone for 10 min at room temper- 
ature. Subsequent incubations and rinses were also performed at room 
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temperature. After preincubation with 10% normal rabbit serum, sec- 
tions were incubated for 60 min with M Ab C21 9 (1 6 jig/ml). A streptavi- 
din-ABC horseradish peroxidase procedure (DAKO, Glostrup, Den- 
mark) was used for detection of the primary antibody: after two rinses 
in phosphate-buffered saline, slides were incubated with biotinylated 
rabbit anti-mouse IgG antibody (diluted 1:1000) for 30 min. folk>wed 
by three rinses with phosphate-buffered saline, after which slides were 
incubated with the streptavidin-bk>tin peroxidase complex for 30 min, 
rinsed, and Incubated for 10-15. min in a 3-amino-9-ethy1carfoazole 
solution. A light hematoxylin counterstain was used. As a control for 
background staining, parallel Incubations were performed without pri- 
mary antibody. 

Protein Analysis 

Protein immunobtot analysis of P-glycoprotein content of cell or tissue 
tysates was carried out as described (Schlnkel et al.. 1991), except 
that MAb C219 binding was visualized using the enhanced chemllumi- 
nescence procedure (Amersham). Intestinal epithelial cells mainly de- 
rived from the villus region were isolated as descrit)ed (van Dommelen 
et al., 1986). Protein concentration was determined with a Bio-Rad 
protein assay, using bovine serum albumin as a standard. 

Toxicity and Drug Distribution Experiments 
Unless indicated otherwise, all toxicity and drug distribution experi- 
ments were carried out with male mice t>etween 9 and 14 weeks of 
age. In acute toxicity experiments, mice were ot>served for a period 
of 2 weeks. 
Ivarmectin Toxicity 

A concentrated ivermectin stock (1 00 mg/ml) was obtained by lyophili- 
zation of a commercially available injectable formulation containing 
10 mg/ml ivermectin flvomec.* Merck, Sharp, and Dohme AgVet). 
Suitable diluttons of this stock were made in 1 ,2-propanediol. For oral 
administration, proper doses were prepared in 70% (v/v) sesame oil. 
30% (v/v) 1 .2-propanediol at concentrations allowing dosing at a ratio 
of 10 III per gram of mouse. On average, 250 |il to 350 |il of thoroughly 
mixed suspension was administered directly into the stomach by injec- 
tion with a blunt-ended, bent needle inserted via the mouth and oe- 
sophagus. Lethal toxicity occurred between a few hours and maximally 
6 days after injectk)n. 
Vinblastine Toxicity 

Vinblastine sulphate (Lederle Nederland BV, Etten-Leur. or Medgenix 
Group) was dissolved, diluted, and administered in sterile 5% (w/v) 
D-glucose solution. Concentrations were adjusted to allow injection 
of 5 (il per gram body weight. On average, between 125 (il and 175 . 
^1 was injected with a 23 gauge injection needle in the tail vein of 
mice lightly anesthetized with diethyl ether (injection time: 5 s). Lethal 
toxicity occurred between 3 and 7 days after injection. 
Vinblastine Distribution 

Vinblastine sulphate was injected in the tail vein of mice as described 
at>ove. Determination of the vinblastine concentrations in plasma and 
a range of tissues was carried out using a sensitive and highly specific 
analytical procedure based on high performance liquid chromatogra- 
phy and fluorescence detectbn as described before (van Tellingen et 
al., 1993b). 

Ivermectin Distribution 

[22,23-^Hjivermectin 81 a (specific activity 51.9 mCi/mg) was diluted 
with carrier ivermectin (both compounds provided by Dr. J. Schaeffer, 
Merck Research Laboratories) and formulated in 2% {wN) 1,2- 
propanediol. 98% (v/v) sesame oil to a final specific activity of 0.333 
mCi/mg. This ivermectin solution was orally dosed into the stomach 
as described above, at a dose of 0.2 mg/kg. On average, between 2 
}iCi and 2.5 tiCi was injected per mouse. Tissues were collected at 
specific time points, weighed, and homogenized In 4% (w/v) bovine 
serum albumin solutk>n. A 200 ^l aliquot was transferred to Ultima 
gold counting fluid (Packard), and radioactivity was determined by 
liquid scintillation counting. 
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